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AbstractThe growing prevalence of bacterial antibiotic resistance has led to a rediscovery of the antimicrobial properties of honey. This study investigated the antibacterial activity in aerobic and anaerobic conditions, the effect on bacterial antibiotic sensitivity, and the composition of four medical-grade honeys Medihoney®, Comvita® Antibacterial Wound Gel™, Revamil® gel, and Surgihoney™RO®.A broth assay was used to assess the antibacterial activity of the honeys against Staphylococcus aureus and 
Pseudomonas aeruginosa in aerobic and anaerobic conditions.  A disk diffusion test was used to investigate the effect of exposure to a subinhibitory concentration of the honeys to the sensitivity of bacteria to a range of antibiotics.  The composition of each honey was characterised by measuring: sugar content, pH, hydrogen peroxide activity, total polyphenolic content and antioxidant capacity.The honeys differed widely in antibacterial activity.  Medihoney® was the most effective reducing the growth of both bacteria to < 1 compared to 9 log10 cfu/mL in the growth controls at all tested concentrations.  Revamil® gel was the least active of the honeys only having a negligible effect on bacterial growth at the 25% honey concentration.  All honeys 
were equally or more active in anaerobic conditions than in aerobic conditions. The polyphenolic content may influence 
the activity of honey. Various honey-antibiotic combinations were identified that enhanced antibiotic sensitivity in bacteria. More research is needed to clarify the role of polyphenols in honey activity and further explore the potential synergies between the honeys and antibiotics.
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ES Journal of Clinical Medicineproduction of hydrogen peroxide [13].  Other compounds 
have also been identified as important contributors to the high activity exhibited by certain honeys. These include methylglyoxal, a phytochemical found in high concentrations in Manuka honey, and bee defensin-1, an antimicrobial peptide present in the medical-grade honey Revamil® [12, 14-16].  In addition, novel fatty diacid glycoside derivatives have recently been detected that could potentially be responsible, at least in part, for the particularly high antimicrobial effectiveness of some Scottish honeys [6].  Evidence also suggests that 
polyphenols may influence the antibacterial activity of honey, however the extent and nature of their contribution remain poorly understood [6,17]. It is possible that some of these compounds work together in a synergistic manner adding an extra layer of complexity to the activity of honey. Because the antimicrobial effect of honey results from the simultaneous action of many active compounds, bacteria are deemed unlikely to develop resistance to this substance [18-20].The antibacterial action of honey has been demonstrated 
in vitro against over 80 different bacterial species, including Gram-positive (e.g. Staphyloccocus aureus), Gram-negative (e.g. Pseudomonas aeruginosa) and antibiotic-resistant strains of bacteria [21-23]. For instance, several varieties of honey have been found to be effective against methicillin-resistant Staphylococcus aureus (MRSA), a common cause of healthcare-acquired infections associated with prolonged healing time, increased patient morbidity, and increased costs to public health care systems [24,26].  Moreover, interesting synergistic interactions have also been reported when combining certain honeys and antibiotics [27,28]. In one study, for example, subinhibitory concentrations of Manuka honey were shown to reverse the resistance of MRSA to oxacillin [29].  This suggests that honey could potentially be used as an adjunct treatment to prolong the useful life of existing antibiotics.  Few studies on this topic have been published so far, however, and more honey/antibiotic combinations need to be evaluated.  Clinically, in 
vivo evidence suggests that honey could be a valuable tool for the prevention/control of infections in wounds such as pressure ulcers or post-caesarean section wounds [30,31]. 
While such findings are promising, it should be noted that different honeys will vary widely in their antibacterial effectiveness [32]. Characterising the compositions, active compounds, and activities of as wide a range of honeys 
IntroductionHoney has been used as a medicine in many parts of the world for thousands of years.  Records show, for example, that ancient Egyptians, Assyrians, Chinese, Greeks and Romans already prescribed honey to treat wounds as well as certain gastrointestinal disorders [1]. A little more than 
a century ago, the first report of the antibacterial activity of honey shed some light on the mechanism underlying the curative effect of honey. This antibacterial activity has been investigated sporadically in the subsequent decades [2,3]. Despite this knowledge and the place of honey in traditional medicine in various cultures, modern medicine turned its back on honey as a therapeutic agent following the introduction of antibiotics in the 1930’s [4,5]. More recently, however, the worsening issue of bacterial resistance to antibiotics and the urgent need 
to find alternative therapies for the treatment of drug-resistant bacterial infections have renewed the interest of 
the scientific community in the antimicrobial properties of natural substances such as honey [6]. Indeed, investigating the potential of honey as a novel antibacterial agent is a worthy initiative considering that antibiotic resistance is currently seen as one of the biggest threats to global health and food security by the World Health Organization [7].Honey is a supersaturated sugar solution composed primarily of fructose (38.2%), glucose (31.3%) and sucrose (0.7%), as well as various other disaccharides and oligosaccharides. Overall, carbohydrates and water respectively account for 79.7% and 17.2% of the weight of an average honey [8].  In addition, honey contains small amounts of various other components including proteins, amino acids, enzymes, organic acids, vitamins, minerals, pigments, aroma compounds and polyphenols [8-11]. In fact, more than 600 individual components, some of which 
exhibit antibacterial properties, have been identified in honey. It is the variations in the number and concentrations of these minor constituents that differentiate one honey type from another[4]. Such compositional variations also greatly affect the nature and potency of the bactericidal activities of different honeys [12].The antibacterial activity of honey is complex and multifactorial, involving various mechanisms and compounds.  For many honeys, this activity is attributed to the combined effects of a high osmolarity, low pH (honeys 
are acidic with an average pH of ≈ 4), and the enzymatic 
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ES Journal of Clinical Medicineas possible is therefore necessary to identify the best candidates for further research and clinical use.Honey research has led to the appearance of several medical-grade honeys/honey products on the market over the last two decades.  In the UK, for example, products currently available include Medihoney®, Comvita® Antibacterial Wound Gel™, Revamil®gel, and Surgihoney™RO® [12,21,31].  While both the composition and the antimicrobial effectiveness of Medihoney® have been well documented, relatively few studies have investigated the other medical-grade honeys. Also, no direct comparison of the compositions or activities of these four medicinal honeys has been published so far.  Furthermore, honey research has often been conducted in aerobic conditions.  However, many common wound infecting bacteria including Staphylococcus aureus (S. aureus) and 
Pseudomonas aeruginosa (P. aeruginosa) are facultative anaerobes and thus able to infect both surface wounds as well as deep hypoxic wounds such as abscesses or necrotic tissues [33,34].  It is unclear whether the antibacterial activity of honey against such pathogens remains unchanged in an anaerobic environment.  Answering this question could help to guide the use of medicinal honeys by clinicians.The aim of this study was therefore to investigate the 
aerobic and anaerobic antibacterial activity, the influence on bacterial antibiotic sensitivity, and the composition of the four medical-grade honeys Medihoney®, Comvita® Antibacterial Wound Gel™, Revamil®gel, and Surgihoney™RO®.The objectives were: i) to examine the antibacterial effectiveness of the honeys against S. aureus and P. aeruginosa by a broth culture method in both aerobic and anaerobic conditions; ii) to investigate the effect of honey exposure on bacterial antibiotic sensitivity using a disk diffusion assay; and iii) to analyse the composition of each honey by measuring its sugar content, pH, hydrogen peroxide content, colour, total polyphenolic content, and antioxidant capacity.
Materials and methods
Bacterial strains
Staphylococcus aureus NCTC 10655 and Pseudomonas 
aeruginosa NCTC 10782 were supplied by the National Collection of Type Cultures, Porton Down, Salisbury, UK.  These were selected to allow for comparisons with previous publications.
Honey samplesFour medical-grade honeys/honey products were used in this study: Comvita® Manuka Medihoney® distributed by Derma Sciences Europe Ltd, Maidendhead, Berkshire, UK; Comvita® Medihoney® Antibacterial Wound Gel™ distributed by Comvita UK Ltd, Maidenhead, Berkshire, UK; Surgihoney™RO® sterile medical honey which was obtained from the manufacturer Matoke Holdings Ltd, Southmoor, Abingdon, UK; and Revamil® 100% gel manufactured by Bfactory Health Products B.V., Rhenen, the Netherlands.
Bacterial maintenance and experimental inoculumsWorking bacterial stocks were created by streaking 
100 μL of overnight broth cultures of the bacteria onto tryptone soya agar (TSA) (Oxoid Ltd, UK) plates which were incubated at 37°C for 24 hours and then stored at 4°C for further use.  The experimental inoculums were obtained by transferring colonies from the stock plates into 10 mL aliquots of sterile tryptone soy broth (TSB) (Oxoid Ltd, UK) which were then incubated overnight at 37°C under aerobic conditions.
Assessing the antibacterial activity of honeys using a 
broth culture assayThe antibacterial effectiveness of the honeys was assessed using a broth culture assay as described by 
Fyfe et al. [6] with some minor modifications.  Previous publications reported that 50% and 75% honey dilutions markedly reduced the growth of bacteria in TSB[6, 17]. The present study thus used solutions of 25%, 50%, and 75% (w/v) honey in TSB; the 25% concentration giving greater sensitivity and allowing to measure differences in activity between the tested honeys.  Each of the honey 
solutions was inoculated with 50 μL of overnight inoculum from one of the tested bacterium and left to incubate for 24 hours at 37°C in an orbital shaking incubator.  Samples from these cultures were then serially diluted in phosphate buffered saline (PBS) and spread onto TSA plates which were further incubated for 24 hours at 37°C.  Appropriate growth controls were also prepared.  Plates containing between 30-300 colony forming units (cfu) were selected for counting.  The same method was followed for the 
anaerobic assay except that the first incubation period in the orbital shaking incubator lasted 72 hours and was conducted using anaerobic jars (Anaerojar™ 2.5L, Oxoid Ltd, UK) and sachets (AnaeroGen™ 3.5L, Oxoid Ltd, UK) to deprive the bacteria of oxygen [35]. 
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Antibiotic sensitivity following exposure to honey
A modified disk diffusion test was conducted to investigate the antibiotic sensitivity of bacteria following aerobic incubation either in the presence or absence of a subinhibitory concentration of honey (10% w/v) [36]. This honey concentration was used since the potent killing of bacteria in 25%, 50% and 75% honey solutions made it impossible to harvest enough cells to conduct the experiment.  Furthermore, previous unpublished work in our laboratory has shown that 10% honey solutions were adequate for the purpose of this assay.  Honey solutions/
TSB broth controls inoculated with 50 μL of overnight inoculum of a tested bacterium were incubated for 24 hours at 37°C in an orbital shaking incubator.  Samples 
from these cultures (100 μL) were spread onto TSA plates and antibiotic discs (Mastring-S, Mast Group Ltd, UK) were added to the plates.  The zones of inhibition (diameter in cm) were measured following 24 hrs incubation at 37°C.
Estimation of the sugar contentThe sugar content of the honeys was measured using a pocket refractometer as indicated by the manufacturer (Bellingham and Stanley Ltd, UK).
Estimation of the pHThe pH of the honeys was measured using pH testing strips (FisherBrand™ pH-Fix 0-14 test strips; FB33003) as described by Schneider et al., [17] The strips were covered with the tested honeys, left to develop for 10 minutes, and compared to a colour chart supplied by the manufacturer.
Detection of hydrogen peroxideThe honeys were tested for the presence of hydrogen peroxide using a method derived from the blue peroxide slide catalase test. A drop of an overnight culture of S. 
aureus (a catalase-positive bacterium) was mixed into a small sample of pure honey spread onto a glass slide and a cover slip placed on top.  After approximately 30 minutes the slide was examined visually for bubble production [17].  Catalase is an enzyme that catalyses the conversion of hydrogen peroxide into water and gaseous oxygen.  The detection of oxygen bubbles following the addition of S. 
aureus to a honey sample thus indicates that it contains hydrogen peroxide. 
Honey colorThe honeys were photographed and their colour 
assessed visually for classification using the colour 
categories of the United States Standards for Grades of Extracted Honey (US Agricultural Marketing Service Fruit and Vegetable Division Processed Products Branch 1985). Manuka honey (amber colour) was used as the reference honey.
Total phenolic content The total polyphenolic content of the honeys was measured using the Folin and Ciocalteau method as described by Schneider et al., [17] and using gallic acid as the standard [37]. Solutions of 10% of the tested honeys 
were first prepared using distilled water.  Then, 100 μL aliquots of these honeys solutions (or of the gallic acid standards) were pipetted into duplicate universal tubes and 0.9 mL of distilled water as well as 5mL of Folin and 
Ciocalteau reagent was added to each tube.  After a five minute period, 3.2 mL of a sodium carbonate solution (115 g/L) was added to each tube and the mixtures left for 2 hours for colour development.  The honey samples/standards were then transferred into cuvettes and their absorbance read at 765 nm using a spectrophotometer (Helios alpha, Thermo Electron Corporation).  Using a gallic acid standard curve, the total phenolic content of the honey samples was calculated and expressed in milligrams of gallic acid equivalents per litre (mg GAE/L) of honey. Distilled water was used to provide a zero value.
Antioxidant capacityThe antioxidant capacity of the honeys was measured using the ferric ion reducing antioxidant power (FRAP) assay as described by Singleton and Rossi [38].  Aqueous solutions of ferrous sulphate (0.1 to 1.0 mM) were used as 
standards.  Solutions of 10% of the tested honeys were first prepared using distilled water.  A working FRAP reagent solution was then prepared by mixing 100 mL of 300 mM acetate buffer solution (pH 3.6), 10 mL of 10 mM TPTZ solution (0.031 g TPTZ added to 10 mL of 40 mM HCl), 10 mL of 20 mM ferric chloride solution, and 12 mL of distilled water.  This FRAP solution was kept at 37°C prior 
to use.  Aliquots of 10 μL of the honey samples/ferrous sulphate standards were pipetted into triplicate into a 96 
well plate and 250 μL of FRAP solution was added to each well.  Distilled water was used as a control.  The plate was incubated at 37°C for 4 minutes for colour development and absorbance was read at 595 nm using a micro plate reader (MRX Revelation, Dynex).  Using the ferrous sulphate standard curve, the antioxidant capacity of the samples was calculated and expressed as the concentration of Fe2+ produced per litre (mM Fe2+/L).  
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Statistical analysisAll readings were taken in duplicate and the experiments were conducted in two separate occasions.  The data was recorded as mean ± standard error of the mean (SEM) and was analysed in Microsoft Excel 2007.  The data was compared to the relevant controls using a two-tailed independent student t-test as used in previous similar 
studies. A p value of ≤ 0.05 was considered statistically 
significant.  Ethical approval for this project was granted by the Division of Health Sciences Ethics Committee, Queen Margaret University.
Results
Antimicrobial activity of honeysThe antibacterial activity of the honeys was assessed against S. aureus and P. aeruginosa in aerobic (Figures 1 and 2) and anaerobic (Figures 3 and 4) conditions using a broth culture assay.  Aerobically, the most active honey against both bacteria was Medihoney®, which reduced bacterial growth at all tested concentrations from approximately 9.2 log10 cfu/mL in the TSB growth controls to less than 1.0 log10 cfu/mL (p ≤ 0.05).  The Comvita® wound gel™was 
equally as effective as Medihoney® against S. aureus (p ≤ 0.05) but relatively ineffective against P. aeruginosa, the 
growth of which was not significantly reduced relative to its control by exposure to a 25% concentration of the gel.Surgihoney™RO® showed an intermediate level of activity with reductions in the growth of both S. aureus and P. aeruginosa to 4 and 5 log10 cfu/mL at 25% honey concentration and 2.8 and 3 log10 cfu/mL at 50% honey concentration.  Revamil® gel was the least active honey; at the 25% concentration it had no effect on S. aureus growth and only reduced P. aeruginosa growth to 8.5 log10 cfu/mL.  P. aeruginosa resisted a greater variety of honeys than S. aureus when exposed to the 25 and 50% honey concentrations in aerobic conditions.Anaerobically, with the exception of Revamil® gel, all the honeys reduced the growth of both S. aureus and 
P. aeruginosa from more than 8 log10 cfu/mL in the TSB growth controls to less than 1.0 log10 cfu/mL (p ≤ 0.05) at all the tested concentrations (Figures 3 and 4).  Revamil® gel was again the least active honey.  Overall, the data 
Figure 1: Inhibition of growth of S. aureus in honey solutions of various 
concentrations in aerobic conditions. Results are expressed as the mean of 
duplicates ± SEM of log10 cfu/mL after incubation at 37°C for 24 hours.
Figure 2: Inhibition of growth of P. aeruginosa in honey solutions of various 
concentrations in aerobic conditions.Results are expressed as the mean of 
duplicates ± SEM of log10 cfu/mL after incubation at 37°C for 24 hours.
Figure 3: Inhibition of growth of S. aureus in honey solutions of various 
concentrations in anaerobic conditions.  Results are expressed as the mean 
of duplicates ± SEM of log10 cfu/mL after incubation at 37°C for 72 hours.
Figure 4: Inhibition of growth of P. aeruginosa in honey solutions of various 
concentrations in anaerobic conditions.Results are expressed as the mean 
of duplicates ± SEM of log10 cfu/mL after incubation at 37°C for 72 hours.
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difference (p ≤ 0.05).  Revamil® was also slightly more active against P. aeruginosa in anaerobic conditions (p ≤ 0.05).  All the tested honeys were equally as active against both S. aureus and P. aeruginosa in the absence of oxygen. 
Antibiotic sensitivity following exposure to honeyA disk diffusion test was conducted to investigate whether aerobic incubation of S. aureus and P. aeruginosa in subinhibitory honey concentrations (10% w/v) affected their sensitivity to antibiotics (Tables 1 and 2).The honeys differed widely in their activity on the antibiotic sensitivity of S. aureus.  Interestingly, Medihoney®, which was the most potent honey in terms 
of growth inhibition, did not significantly increase the sensitivity of the bacterium to any of the antibiotics.  In 
fact, Medihoney® exposure even significantly (p ≤ 0.05) decreased the sensitivity of S. aureus to penicillin G. 
Surgihoney™RO®, on the other hand, was not as efficient 
a growth inhibitor as Medihoney® yet significantly (p ≤ 0.05) increased the sensitivity of S. aureus to four of the six antibiotics investigated relative to their respective controls (Table 1).  Comvita® wound gel™ also stands out having enhanced the activity of three out of six antibiotics against the bacterium.  None of the tested honeys increased the action of the antibiotics penicillin G or sulphatriad on S. 
aureus.In contrast to the results produced by S. Aureus (Table 1), no single honey was particularly effective at increasing the sensitivity of  P. aeruginosa to multiple antibiotics (Table 
2).  Revamil® is the only honey that did not significantly enhance the activity of any of the antibiotics against the bacterium.  It is worth noting that the activity of tetracycline 
was significantly increased (p ≤ 0.05) following exposure of P. aeruginosa to three of the four tested honeys.  This 
antibiotic thus appears more likely to interact beneficially with honey in general against P. aeruginosa.  Overall, with or without honey, S. aureus was susceptible to a greater variety of antibiotics than P. aeruginosa.  
Compositional analysis of the honeysAs can be seen in Table 3, all the honeys were acidic (pH 
= 4) and had a high sugar content (≥ 79%).  All four honeys 
Antibiotics
Tetracycline Sulphatriad Streptomycin Penicillin G Chloramphenicol Ampicillin
Control a 2.25 ± 0.05 0 1.40 ± 0.00 1.38 ± 0.02 1.63 ± 0.08 2.40 ± 0.05
Medihoney b 2.20 ± 0.10 0 1.45 ± 0.00 1.18 ± 0.03* 1.55 ± 0.05 2.40 ± 0.00
Comvita Wound Gel b 3.10 ± 0.05* 0 1.33 ± 0.08 1.10 ± 0.10 2.20 ± 0.10* 2.68 ± 0.02*
Revamil b 2.48 ± 0.07 0 1.53 ± 0.03* 1.45 ± 0.00 1.65 ± 0.15 2.63 ± 0.13
Surgihoney b 3.33 ± 0.03* 0 2.05 ± 0.15* 1.45 ± 0.05 2.55 ± 0.05* 2.85 ± 0.00*
Table 1: Mean zones of inhibition (cm) of S. aureus when exposed to antibiotics following culture in subinhibitory concentrations of honey. 
Results reported as means ± SEM (n = 2).
a Bacterium was cultured in TSB for 24 hours and then exposed to antibiotic disks on a TSA plate.
b Bacterium was cultured in 10% (w/v) honey for 24 hours and then exposed to antibiotic disks on a TSA plate.
* Result significantly different (p ≤ 0.05) from control.
 
Antibiotics
Tetracycline Sulphatriad Streptomycin Penicillin G Chloramphenicol Ampicillin
Control a 1.50 ± 0.05 0 1.58 ± 0.08 0 1.55 ± 0.05 0
Medihoney b 2.13 ± 0.08* 0 1.78 ± 0.03 0 1.88 ± 0.02* 0
Comvita Wound Gel b 2.25 ± 0.10* 0 2.08 ± 0.03* 0 1.75 ± 0.25 0
Revamil b 1.55 ± 0.45 0 1.88 ± 0.88 0 1.75 ± 0.15 0
Surgihoney b 2.13 ± 0.08* 0 1.93 ± 0.03* 0 1.63 ± 0.02 0
Table 2: Mean zones of inhibition (cm) of P. aeruginosa when exposed to antibiotics following culture in subinhibitory concentrations of honey.
 Results reported as means ± SEM (n = 2).
a Bacterium was cultured in TSB for 24 hours and then exposed to antibiotic disks on a TSA plate.
b Bacterium was cultured in 10% (w/v) honey for 24 hours and then exposed to antibiotic disks on a TSA plate.
* Result significantly different (p ≤ 0.05) from control.
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tested positive for the presence of hydrogen peroxide (H2O2) with no obvious differences observed between the samples in the amount of gas produced following contact with the enzyme catalase.  The colour of the honey samples varied from dark amber for the Surgihoney™RO® to amber for the Medihoney® and theComvita® wound gel™, and extra light amber for the Revamil® gel (Figure 5).The honeys varied widely in their total polyphenolic content (TPC) (Table 3).  While the TPC of both Medihoney® and Surgihoney™RO® was greater than 1000 mg/L GAE, the TPC of Revamil®was relatively low at 328 mg/L GAE. A similar pattern was observed for the antioxidant capacity of the honey samples: Medihoney® and Surgihoney™RO® 
had a relatively high capacity (≥ 5.96 mM Fe2+/L) whereas the capacity of Revamil® was as little as 1.68 mM Fe2+/L. 
It was not possible to dissolve the Comvita® wound gel™ in the assay reagents used for the assessment of TPC or antioxidant capacity.  As previously reported, the honey samples with higher TPC also had a higher antioxidant capacity and were darker in colour.
DiscussionFour medical-grade honeys were used in this study. Medihoney® and Comvita® wound gel™ are both Manuka honey based products; the former is 100% pure whereas the latter contains 80% Manuka honey in combination with some natural waxes and oils [39]. Revamil® gel contains a 
honey from an unknown floral source(s) produced under standardised conditions in closed greenhouses; despite its name, the product is advertised as being made up exclusively of 100% pure honey [40]. Surgihoney™RO® 
contains a mixture of honeys from various sites/floral sources that have been engineered to produce hydrogen peroxide and reactive oxygen species when diluted with water [41,42]. All these honeys are gamma-irradiated to eliminate microbial contamination such as bacterial spores allowing for their use in the clinical setting.Perhaps surprisingly, this study found considerable variation in antibacterial activity among the tested medical-grade honeys. The Manuka based Medihoney® was the most effective honey, preventing the growth of 
S. aureus and P. aeruginosa at all tested concentrations. This result agrees with previous reports of the high antimicrobial activity of Medihoney® in vitro against both Gram-positive and Gram-negative bacteria (6, 21, 32, 43). While the Comvita® wound gel™ was as effective as Medihoney® against S. aureus, it did not fare as well against 
P. aeruginosa.  For example, a 25% concentration of the gel 
did not significantly reduce the growth of the bacterium relatively to its control in aerobic conditions. Revamil® gel was the least effective of the honeys; aerobically the 
Honey Total polyphenolic content (mg/L GAE) Antioxidant capacity (mM Fe2+/L) Production of H2O2 pH
Sugar content 
(%) Colour
Medihoney 1081.60 ± 73.45 5.96 ± 0.02 Yes 4 79% Amber
Comvita Wound Gel N/A† N/A† Yes 4 80% Amber
Revamil 328.75 ± 11.02* 1.68 ± 0.27* Yes 4 83% Extra light amber
Surgihoney 1088.95 ± 95.48 7.17 ± 0.65 Yes 4 80% Dark amber
Table 3: Compositional data of honey samples. 
The total polyphenolic content and antioxidant capacity are reported as means ± SEM (n = 2). †Because of its turbidity, the Comvita Wound Gel 
solution could not be assayed for its total polyphenolic content or antioxidant capacity.
*Result significantly different (p ≤ 0.05) from Medihoney which was used as a control.
Figure 5: Colour of honeys. 1, Medihoney; 2, Surgihoney; 3, 
Revamil; 4, Wound Gel.
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P. aeruginosa. A possible explanation for these inconsistent results is that the Revamil® source honey used by Kwakman et al. (2010) [15] is some how altered during processing/storage lowering the antibacterial activity of 
the final product (Revamil® gel) which was tested in the present study.  Surgihoney™RO® exhibited an intermediate level of activity; at the 25% concentration aerobically it 
was significantly more effective than Revamil® gel and 
significantly less effective than Medihoney®. Overall, P. 
aeruginosa exhibited a greater resistance than S. aureus to the activity of honey in aerobic conditions.  This is probably due to the thick glycocalyx capsule produced by the bacterium as a protection against environmental threats preventing the antibacterial compounds in the 
honeys from reaching/affecting the cells [44]. The findings of the present study could help to inform the choice and use of medicinal honeys by clinicians.  Honeys such as Revamil® or Surgihoney™RO®, which exhibited relatively low antibacterial activity, may need to be administered at higher doses and more frequently than Medihoney® for the proper treatment of a wound.This experiment suggests that the antibacterial activity of honey remains unchanged or is enhanced in anaerobic conditions supporting the use of honey for the treatment of hypoxic wounds.  Indeed, S. aureus and P. aeruginosa were more sensitive to the activity of the honeys in anaerobic conditions than in aerobic conditions.  This is probably due to the fact that, although they are able to survive without oxygen, the two facultative an anaerobes stressed in such conditions and more susceptible to the multiple antibacterial compounds found in honey. Research has shown, for example, that oxygen deprivation drastically reduces the growth rate of both S. aureus and P. aeruginosa [45,46]. This indicates that the bacteria produce less energy anaerobically than aerobically, possibly decreasing their ability to survive threats in their environment. Less energy may mean that the bacteria are unable to actively excrete toxic compounds or repair damage to their membrane, for 
instance. Further research could confirm whether honey is also effective against obligate anaerobes in the absence of oxygen.The broth culture assay used in this study allowed for a comparison of the antibacterial activity of the 
medicinal honeys against planktonic (free-living) cells. 
Many bacterial infections are caused by biofilms, however. 
When growing in biofilms, bacteria such as S. aureus and 
P. aeruginosa attach themselves to a surface and form aggregates encased in a matrix of extracellular polymeric substances (EPS) [47].  This EPS layer acts as a protective barrier that increases the resistance of the bacteria to a variety of factors including ultra-violet light, acidity, heavy 
metals, and antibiotics [48].  Bacterial biofilms are the main cause of chronic wound infections that resist antibiotic treatment, for example [27].  Repeating this experiment 
using bacteria grown as biofilms could help produce a more accurate picture of the antibacterial activity of the honeys when these are used to treat actual wounds.  A compositional analysis was conducted to help identify some of the factors underlying the antibacterial activity of the four medicinal honeys. The variation in antibacterial activity observed between the honeys was not due to their pH or sugar contents since these were similar in all the tested samples.  The presence of hydrogen peroxide was also detected in all the honeys.  The qualitative assay that was used, however, did not allow determine the level of this chemical in the different honeys making meaningful 
comparisons between them difficult.  Furthermore, the assay was only performed on undiluted honey samples. Research has shown, however, that addition of water to certain honeys activates the hydrogen peroxide-producing enzyme glucose oxidase they contain greatly increasing the hydrogen peroxide concentration (and thus antibacterial activity) in these samples over time [12, 50]. This is clinically relevant since, when used in a dressing, the effectiveness of a honey whose activity is hydrogen peroxide dependent may be maintained even after heavy dilution by wound exudate whereas the activity of other types of honey may decrease in such situations. A recent study, for instance, has shown that hydrogen peroxide production is not an important contributor to the activity of Manuka honey[12].  Future experiments could use a quantitative assay such as described by Kwakman et al. [12] to fully characterise the hydrogen peroxide activity of both undiluted and diluted samples of the medicinal honeys.In this study, the most active medicinal honeys had the highest total polyphenolic contents (TPC), antioxidant capacity, and were also darker in colour. For instance, the TPC was more than three times higher in Medihoney® (1081 mg/L GAE), the most active honey, than in Revamil® 
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ES Journal of Clinical Medicine(328 mg/L GAE), the least active honey. Previous studies have also reported a greater antimicrobial activity in honeys that are richer in polyphenols (17, 51).  Together, these results suggest that polyphenols probably play a role in the antibacterial activity of the honeys. The TPC alone cannot completely explain the action of the honeys, however, since Medihoney® and Surgihoney™RO® greatly differed in their antibacterial effectiveness despite containing similar concentrations of polyphenols. A possible explanation 
is that the presence of specific polyphenols in a honey could be a more important determinant of antimicrobial 
effectiveness than the TPC (6). The polyphenolic profile 
of a honey is influenced by its floral source, among 
other things [51]. Coming from different floral sources, Medihoney® and Surgihoney™RO® probably contain different types of polyphenols. Further studies aimed at 
characterising the polyphenolic profiles of the honeys could help understanding the role of polyphenols in their antibacterial activity. Other potential contributors to the activity of honey that have not been analyzed in the present study are methylglyoxal and bee defensin-1.  Methylglyoxal is derived from dihydroxyacetone, a phytochemical present in the 
nectar of the flowers of the Manuka tree (Leptospermum 
scoparium) as well as other Leptospermum species found in New Zealand and Australia[14, 16]. This compound is found in high concentration in Manuka honey and is largely responsible for its potent antibacterial activity[12, 16].  Bee defensin-1, an antimicrobial peptide secreted into the honey by the producing bee, is one of the anti-bacterial factors in Revamil® source honey[15].  The presence of methylglyoxal probably contributed to the relatively high antibacterial effectiveness exhibited by Medihoney® and Comvita® wound gel™ in this study.A disk diffusion assay was used to investigate the interactions between honeys and antibiotics against S. 
aureus and P. aeruginosa.  Surgihoney™RO® and Comvita® wound gel™ were particularly effective against S. aureus increasing its sensitivity to multiple antibiotics including tetracycline, which target bacterial ribosomes and prevent protein synthesis, and ampicillin, an inhibitor of cell wall synthesis (Table 1) [52,53]. These multiple interactions with antibiotics from different antibiotic classes could 
reflect the fact that several active compounds are present in the honeys and these affect different target sites in the bacteria [54].  The absence of positive interactions 
between Medihoney® and antibiotics against S. aureus was unexpected since both Medihoney® and Comvita® wound gel™ contain Manuka honey and should have behaved in a 
similar manner. This result also contradicts the findings of a recent study which reported an increased sensitivity of 
S. aureus to several antibiotics, including penicillin G and tetracycline, upon exposure to subinhibitory concentrations of Medihoney®[54].  Against P. aeruginosa, the activity of the antibiotic tetracycline was enhanced upon exposure to three of the four tested honeys (Table 2).  This suggests that tetracycline may be prone to interact positively with honey in general and should be more systematically studied in combination with a wider range of honeys.  The mechanisms by which honey enhances the sensitivity of bacteria to honey remain poorly understood. Liu et al., [49] proposed that since honey-antibiotic synergies are strain- 
and antibiotic-specific, they are probably due to a honey 
affecting specific targets within a bacterium rather than causing a general weakening of the cell.  Overall, the results of the present study support this hypothesis.Various combinations of honeys and antibiotics that interact positively to inhibit the growth of S. aureus and/or P. aeruginosa were identified in this study.  The disk diffusion assay used in this experiment did not allow to determine whether these interactions were synergistic or simply additive, however.  Further studies using methods such as checkerboard microdilution assays would be required to establish which combinations are synergistic and, therefore, have the greatest potential as combinational therapies for the treatment of bacterial infections[49]. Clinically, synergistic honey and antibiotic combinations 
would have the obvious advantage of improving the efficacy of antibiotics against bacteria.  Such combinations could also decrease the concentrations of antibiotics required to treat infections thus lowering the costs and side-effects of the treatments[54]. Furthermore, in vitro evidence suggests that synergies between honey and antibiotics may help to prevent the emergence of antibiotic resistance in bacteria and may even restore the susceptibility of a resistant bacterium to an antibiotic.  Muller et al., [28] for example, showed that subinhibitory concentrations of Medihoney® acted synergistically with rifampicin against various strains of S. aureus including clinical isolates and MRSA.  The authors also observed that while the bacterium readily developed resistance to rifampicin when exposed to the antibiotic alone, it could not do so in the presence of the honey-antibiotic combination.  In another study, 
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ES Journal of Clinical MedicineJenkins and Cooper [29] found that Manuka honey and oxacillin interacted synergistically to reverse the resistance of MRSA to the antibiotic and to inhibit the growth of the 
bacterium. Such findings suggest that the development of combined honey-antibiotic therapies could help to address the antibiotic resistance crisis the world is currently facing.Most of the research on the synergistic activity of honey-antibiotic combinations has focused on the effects of Medihoney®/Manuka honey against S. aureus.  The results of the present study, however, indicate that other honeys (e.g. Surgihoney™RO®) may be even more effective than Manuka honey in enhancing the antibacterial activity of antibiotics and should be further investigated.  Ideally, such experiments will assess a variety of medicinal and non-medicinal honeys in combination with various classes of antibiotics against a range of Gram-positive and Gram-negative bacteria including clinical isolates and antibiotic resistant strains.  In addition, clinical trials are required 
to determine whether the promising findings of in vitro synergy studies can be reproduced in vivo.  More research is also required to better understand the mechanisms underlying the synergies between honey and antibiotics.
ConclusionThis study investigated the aerobic and anaerobic inhibitory activity of four medical-grade honeys against S. 
aureus and P. aeruginosa.  The honeys varied greatly in their antibacterial effectiveness with Medihoney® exhibiting the most potent activity.  The antibacterial activity of the honeys was equal or increased in anaerobic conditions and 
appeared to be influenced by their polyphenol content. 
Fully characterising the polyphenolic profile of the honeys would help to clarify the role of polyphenol in honey activity.  Several honey-antibiotic combinations interacted positively to enhance the antibiotic sensitivity of the bacteria.  Future research is needed to fully explore the potential synergistic interactions between these honeys and antibiotics.
AcknowledgementsThis research was funded by kind donations from Mrs 
Campbell and Dr Bill from Glasgow. There is no conflict of interest with this work. We are very grateful to Ross Walker for his help with the phenolics and antioxidant assays.
References1. ZUMLA, A. and LULAT, A., 1989.  Honey - a remedy rediscovered. Journal of the Royal Society of Medicine.  July, vol. 82, no. 7, pp. 384-385.
2. MOLAN, P.C., 1992a.  The antibacterial activity of honey: 1. The nature of the antibacterial activity.  Bee World.  Vol. 73, no. 1, pp. 5-28.3. MOLAN, P.C., 1992b.  The antibacterial activity of honey: 2. Variation in the potency of the antibacterial activity.  Bee World.  Vol. 73, no. 2, pp. 59-76.4. MADDOCKS, S.E. and JENKINS, R.E., 2013.  Honey: a sweet solution to the growing problem of antimicrobial resistance?  Future Microbiology.  November, vol. 8, no. 11, pp. 1419-1429.5. MCLOONE, P., WARNOCK, M. and FYFE, L., 2016.  Honey: A Therapeutic Agent for Disorders of the Skin.  Central Asian Journal of Global Health [online].August, vol. 5, no. 1 [viewed 20 March 2018].  6. FYFE, L., OKORO, P., PATERSON, E., COYLE, S. and MCDOUGALL, J., 2017. Compositional analysis of Scottish honeys with antimicrobial activity against antibiotic-resistant bacteria reveals novel antimicrobial components.  LWT-Food Science and Technology.  June, vol. 79, pp. 52.59.7. WHO., 2017.  Antibiotic resistance [online].  [viewed 15 March 2018]. 8. BOGDANOV, S., JURENDIC, T., SIEBER, R. and GALLMANN, P., 2008. Honey for Nutrition and Health: a Review.  American Journal of the College of Nutrition.  December, vol. 27, no. 6, pp. 677-689.9. ALQARNI, A.S., OWAYSS, A.A. and MAHMOUD, A.A., 2016. Physicochemical characteristics, total phenols and pigments of national and international honeys in Saudi Arabia.  Arabian Journal of Chemistry.  January, vol. 9, no. 1, pp. 114-120.10. LOKOSSOU, S.C., TCHOBO, F.P., YEDOMONHAN, H. a n d SOUMANOU, M.M., 2017.  Physicochemical Characterization and Polyphenolic Content of Beninese Honeys.  International Scholarly Research Notices [online].  September, vol. 2017, no. 6571089 [viewed 20 March 2018].  11. WHITE, J.W. and DONER, L.W., 1980.  Honey composition and properties.  Beekeeping in the United States.  Washington:  U.S. Department of Agriculture, pp. 82-91.12. SHERLOCK, O., DOLAN, A., ATHMAN, R., POWER, A., GETHIN, G., COWMAN, S. and HUMPHREYS, H., 2010. Comparison of the antimicrobial activity of Ulmo honey from Chile and Manuka honey against methicillin-resistant Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. BMC Complementary and Alternative Medicine [online]. September, vol. 10, no. 47 [viewed 24 March 2018]. 13. ADAMS, C.J., MANLEY-HARRIS, M. and MOLAN, P.C., 2009.  The origin of methylglyoxal in New Zealand manuka (Leptospermum scoparium) honey.  Carbohydrate Research.  May, vol. 344, no. 8, pp. 1050-1053.14. KWAKMAN, P.H.S., VELDE, A.A.T., DEBOER, L., VANDENBROUCKE-GRAULS, C.M.J.E and ZAAT, S.A.J., 2011.  Two Major Medicinal Honeys Have Different Mechanisms of Bactericidal Activity.  PLOS ONE [online].  March, vol. 6, no. 3, e17709 [viewed 07 March 2018].  15. MAVRIC, E., WITTMANN, S., BARTH, G. and HENLE, T., 2008. 
Identification and quantification of methylglyoxal as the dominant antibacterial constituent of Manuka (Leptospermum scoparium) honeys from New Zealand.  Molecular Nutrition & Food Research. April, vol. 52, no. 4, pp. 483-489.16. SCHNEIDER, M., COYLE, S., WARNOCK, M., GOW, I. and FYFE, L., 2013. Anti-Microbial Activity and Composition of Manuka and Portobello Honey. Phytotherapy Research. August, vol. 27, no. 8, pp. 1162-1168.17. BLAIR, S.E., COKCETIN, N.N., HARRY, E.J. and CARTER, D.A., 2009. The unusual antibacterial activity of medical-grade Leptospermum honey: antibacterial spectrum, resistance and transcriptome analysis. European Journal of Clinical Microbiology & Infectious Diseases. October, vol. 28, no. 10, pp. 1199-1208.  
11/12
Citation: Klein J-P, Graves-Morris K, Coyle S, Fyfe L. Inhibition and Changes in Antibiotic Sensitivity of Bacteria Cultured Aerobically and Anaerobically in Four Different Medicinal Honeys. ES J Clin Med. 2020; 1(2): 1012.
ES Journal of Clinical Medicine
18. HILLITT, K.L., JENKINS, R.E., SPILLER, O.B. and BEETON, M.L., 2017. Antimicrobial activity of Manuka honey against antibiotic-resistant strains of the cell wall-free bacteria Ureaplasma parvum and Ureaplasma urealyticum.  Letters in Applied Microbiology.  March, vol. 64, no. 3, pp. 198-202.  19. GEORGE, N.M. and CUTTING K.F., 2007. Antibacterial Honey (Medihoney™): in-vitro Activity Against Clinical Isolates of MRSA, VRE, and Other Multiresistant Gram-negative Organisms Including Pseudomonas aeruginosa. Wounds. September, vol.19, no. 9, pp. 231–236.20. RAMALIVHANA, J.N., OBI, C.L., SAMIE, A., IWERIEBOR, B.C., UABOI-EGBENNI, P., IDIAGHE, J.E. and MOMBA, M.N.B., 2014.  Antibacterial activity of honey and medicinal plant extracts against Gram negative microorganisms.  African Journal of Biotechnology.  January, vol. 13, no. 4, pp. 616-625.21. ROBERTS, A.E.L., MADDOCKS, S.E. and COOPER, R.A., 2012.  Manuka honey is bactericidal against Pseudomonas aeruginosa and results in differential expression of oprF and algD.  Microbiology.  December, vol. 158, no. 12, pp. 3005-3013.22. COOPER, R.A., JENKINS, L., HENRIQUES, A.F.M., DUGGAN, R.S. and BURTON, N.F., 2010.  Absence of bacterial resistance to medical-grade manuka honey.  European Journal of Clinical Microbiology & Infectious Diseases.  October, vol. 29, no. 10, pp. 1237-1241.23. HUSSAIN, M.B., HANNAN, A., ABSAR, M., and BUTT, S.N., 2017. In-vitro susceptibility of methicillin-resistant Staphylococcus aureus to honey. May, vol. 27, pp. 57-60.24. NICE., 2016.  Healthcare-associated infections [online].  National Institute for Health and Care Excellence.  [viewed 20 March 2018].  25. MULLER, P., ALBER, D.G., TURNBULL, L. SCHLOTHAUER, R.C., CARTER, D.A., WHITCHURCH, C.B. and HARRY, E.J., 2013.  Synergism between Medihoney and Rifampicin against Methicillin-resistant Staphylococcus aureus (MRSA).  PLOS ONE [online].  February, vol. 8, no. 2, e57679 [viewed 20 March 2018].  26. JENKINS, R.E. and COOPER, R., 2012a.  Synergy between oxacillin and manuka honey sensitizes methicillin-resistant Staphylococcus aureus to oxacillin.  Journal of Antimicrobial Chemotherapy.  June, vol. 67, no. 6, pp. 1405-1407. 27. BIGLARI, B., LINDEN, P.H., SIMON, A., AYTAC, S., GERNER, H.J. and MOGHADDAM, A., 2012.  Use of Medihoney as a non-surgical therapy for chronic pressure ulcers in patients with spinal cord injury.  Spinal cord.  February, vol. 50, no. 2, pp. 165-169.28. DRYDEN, M., GODDARD, C., MADADI, A., HEARD, M., SAEED, K. and COOKE, J., 2014a.  Using antimicrobial Surgihoney to prevent caesarean wound infection.  British Journal of Midwifery.  January, vol. 22, no. 1, pp. 23-27.29. OKORO, P., COYLE, S. and FYFE, L., 2015.  Influence of Subinhibitory Concentrations of Honey on Toxic Shock Syndrome Toxin-1 (TSST-1) Production by Two Strains of Staphylococcus Aureus.  Food Science and Technology.  May, vol. 3, no. 2, pp. 29-36.30. CARTER, D.A., BLAIR, S.E. and IRISH, J., 2010.  An Investigation into the Therapeutic Properties of Honey [online].  Barton:  Rural Industries Research and Development Corporation.  p. 30.  [viewed 20 March 2018].  31. JONES, J., 2012.  Examining the Multifactorial Nature of Wound Infection.  Wound Essentials [online].  Vol. 2, pp. 90-97 [viewed 24 March 2018].  
32. MILLER, P.H., WIGGS, L.S. and MILLER, J.M., 1995.  Evaluation of AnaeroGen System for Growth of Anaerobic Bacteria.  Journal of Clinical Microbiology.  September, vol. 33, no. 9, pp. 2388-2391.33. JORGENSEN, J.H. and FERRARO, M.J., 2009.  Antimicrobial Susceptibility Testing: A Review of General Principles and Contemporary Practices.  Clinical Infectious Diseases.  December, vol. 49, no. 11, pp. 1749-1755.34. SINGLETON, V.L. and ROSSI, J.A., 1965.  Colorimetry of Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents.  American Journal of Enology and Viticulture. January, vol. 16, pp. 144-158.35. BENZIE, I.F.F. and STRAIN, J.J., 1996.  The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: the FRAP assay. Analytical Biochemistry.  July, vol. 239, no. 1, pp. 70-76.36. COMVITA., 2018.  Antibacterial Wound Gel™ 25g [online].37. BFACTORY ITALIA., 2015.  Revamil®[online]. 38. DRYDEN, M., LOCKYER, G., SAEED, K. and COOKE, J., 2014b. Engineered honey: In vitro antimicrobial activity of a novel topical wound care treatment.Journal of Global Antimicrobial Resistance [online].  September, vol. 2, no. 3, pp. 168-172.39. DRYDEN, M.S., COOKE, J., SALIB, R.J., HOLDING, R.E., BIGGS, T., SALAMAT, A.A., ALLAN, R.N., NEWBY, R.S., HALSTEAD, F., OPPENHEIM, B., HALL, T., COX, S.C., GROVER, L.M., AL-HINDI, Z., NOVAK-FRAZER, L and RICHARDSON, M.D., 2017.  Reactive oxygen: A novel antimicrobial 
mechanism for targeting biofilm-associated infection.  Journal of Global Antimicrobial Resistance [online].  40. CARNWATH, R., GRAHAM, E.M., REYNOLDS, K. and POLLOCK, P.J., 2014.  The antimicrobial activity of honey against common equine wound bacterial isolates. The Veterinary Journal.  January, vol. 199, no. 1, pp. 110-114.41. CHAUDHARY, M., BANSAL, R. and PAYASI, A., 2014.  Overcoming Pseudomonas aeruginosa Resistance Caused by Glycocalyx with Tobracef.  Journal of Microbial & Biochemical Technology [online]. Vol. 6, no. 4, pp. 207-211 [viewed 13 April 2018].  42. ALVAREZ-ORTEGA, C. and HARWOOD, C.S., 2007.  Responses of Pseudomonas aeruginosa to low oxygen indicate that growth in the 
cystic fibrosis lung is by aerobic respiration.  Molecular Microbiology. July, vol. 65, no. 1, pp. 153-165.43. FUCHS, S., PANE-FARRE, J., KOHLER, C., HECKER, M. and ENGELMANN, S., 2007.  Anaerobic Gene Expression in Staphylococcus aureus. Journal of Bacteriology.  June, vol. 189, no. 11, pp. 4275-4289.44. JAMAL, M., TASNEEM, U., HUSSAIN, T. and ANDLEEB, S., 2015. 
Bacterial Biofilm: Its Composition, Formation and Role in Human Infections.  Research & Reviews: Journal of Microbiology and Biotechnology [online].  July-September, vol. 4, no. 3.45. LEBEAUX, D., GHIGO, J.-M. and BELOIN, C., 2014.  Biofilm-Related Infections: Bridging the Gap between Clinical Management and Fundamental Aspects of Recalcitrance toward Antibiotics. Microbiology and Molecular Biology Reviews.  September, vol. 78, no. 3, pp. 510-543.46. LIU, M.Y., COKCETIN, N.N., LU, J., TURNBULL, L., CARTER, D.A., WHITCHURCH, C.B. and HARRY, E.J., 2018.  Rifampicin-Manuka Honey Combinations Are Superior to Other Antibiotic-Manuka 
Honey Combinations in Eradicating Staphylococcus aureus Biofilms. Frontiers in Microbiology [online].  January, vol. 8, no. 2653.47. BANG, L.M., BUNTTING, C. and MOLAN, P., 2003.  The Effect of Dilution on the Rate of Hydrogen Peroxide Production in Honey and Its Implications for Wound Healing.  The Journal of Alternative and Complementary Medicine.  April, vol. 9, no. 2, pp. 267-273.
12/12
Citation: Klein J-P, Graves-Morris K, Coyle S, Fyfe L. Inhibition and Changes in Antibiotic Sensitivity of Bacteria Cultured Aerobically and Anaerobically in Four Different Medicinal Honeys. ES J Clin Med. 2020; 1(2): 1012.
ES Journal of Clinical Medicine
48. SOUSA, J.M., DE SOUZA, E.L., MARQUES, G., MEIRELES, B., DE MAGALHAES CORDEIRO, A.T., GULLON, B., PINTADO, M.M. and 
MAGNANI, M., 2016.  Polyphenolic profile and antioxidant and 
antibacterial activities of monofloral honeys produced by Meliponini in the Brazilian semiarid region.  Food Research International.  June, vol. 84, pp. 61-68.49. CHOPRA, I. and ROBERTS, M., 2001.  Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacterial Resistance.  Microbiology and Molecular Biology Reviews. June, vol. 65, no. 2, pp. 232-260.
50. PERRY, C.C., WEATHERLY, M., BEALE, T., RANDRIAMAHEFA, A., 2009. Atomic force microscopy study of the antimicrobial activity of aqueous garlic versus ampicillin against Escherichia coli and Staphylococcus aureus.  Journal of the Science of Food and Agriculture.  March, vol. 89, no. 6, pp. 958-964.51.  JENKINS, R.E. and COOPER, R., 2012b.  Improving Antibiotic Activity against Wound Pathogens with Manuka Honey In vitro.  PLOS 
ONE [online].  September 2012, vol. 7, no. 9, e45600 [viewed 14 March 2018].  Available from: http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0045600
